We study the effects of charged impurity scattering on the electronic transport properties of 110 -oriented Si nanowires in a gate-all-around geometry, where the impurity potential is screened by the gate, gate oxide and conduction band electrons. The electronic structure of the doped nanowires is calculated with a tight-binding method and the transport properties with a LandauerBüttiker Green functions approach and the linearized Boltzmann transport equation (LBTE) in the first Born approximation. Based on our numerical results we argue that: (1) There are large differences between Phosphorous-and Boron-doped systems, acceptors behaving as tunnel barriers for the electrons, while donors give rise to Fano resonances in the transmission. (2) As a consequence, the mobility is much larger in P-than in B-doped nanowires at low carrier density, but can be larger in B-doped nanowires at high carrier density. (3) The resistance of a single impurity is strongly dependent on its radial position in the nanowire, especially for acceptors. (4) As a result of subband structure and screening effects, the impurity-limited mobility can be larger in thin nanowires embedded in HfO 2 than in bulk Si. Acceptors might, however, strongly hinder the flow of electrons in thin nanowires embedded in SiO 2 . (5) The perturbative LBTE largely fails to predict the correct mobilities in quantum-confined nanowires.
I. INTRODUCTION
tized in ideal, ballistic nanowires. However, surface roughness, impurities and phonons, practically limit carrier mobilities in real devices. These scattering processes must be strongly influenced by confinement, and the physical approximations valid in bulk Si certainly break down in small enough nanowires. Recent theoretical works have therefore addressed the scattering of free carriers by phonons, 13, 14 and by bulk and surface disorder in SiNWs. [15] [16] [17] The scattering by dopants has also been studied with either density functional theory (DFT) [18] [19] [20] [21] or the semi-empirical effective mass [22] [23] [24] [25] [26] approximation. Most DFT calculations reported so far [18] [19] [20] have, however, considered neutral dopants. Indeed, the treatment of charged dopants within DFT is more problematic, because of the long range character of the Coulomb impurity potential, and because of intrinsic deficiencies in the present exchange-correlation functionals. 27 The influence of a charged dopant on the transmission through a 2 nm diameter SiNW has nonetheless been discussed recently with DFT in Ref. 21 . This work showed, in particular, that minority carriers are blocked by the impurities, but did not consider screening by the environment or free carriers, which is known to be essential from bulk 28, 29 , to nanowires. 22 There is, therefore, a clear need for a better assessment of the effects of impurities in nanowires with more realistic potentials.
In this work, we study the scattering of electrons by charged donor (phosphorous) and acceptor (boron) impurities in SiNWs. The scattering of electrons by acceptors occurs for example in p-doped transistor channels in the inversion regime. The Coulomb potential of an impurity in a nanowire is strongly dependent on its dielectric environment. In (small) freestanding nanowires, the Coulomb potential is indeed almost unscreened due to the presence of surface polarization charges in the vicinity of the impurity. Consequently, the binding energy of the dopants is much enhanced with respect to the bulk (it increases as 1/d), which leads to a significant decrease of the doping efficiency in small (d < ∼ 20 nm) nanowires.
30-34
In the following, we consider SiNWs surrounded by an oxide layer and a metallic gate, i.e. a gate-all-around geometry typical of nanowire devices. In this case the impurity potential is efficiently screened by the gate, the binding energy remains close to its bulk value, and most of the donor impurities are ionized at room temperature (acceptors being usually charged negatively in the inversion regime).
30,31
Only a few theoretical works have addressed the effect of charged impurities on the transport in gated SiNWs, with either the (perturbative) Kubo-Greenwood formula 22 or a (non-perturbative) Green function approach, [23] [24] [25] [26] but using the effective mass approximation for the electronic structure. Our objective is to go beyond these approximations and to perform a systematic study as function of the type of impurity (donor or acceptor), its radial position in the wire, the diameter of the SiNWs and the nature of the oxide. For that purpose, we combine a tight-binding method for the electronic structure with a LandauerBüttiker (LB) Green functions approach for transport. We take into account the screening of the impurity potential by the oxide, gate, and free electrons. We use the low-field mobility as a metric of the scattering strength of the impurities, which we calculate from the resistances of a representative set of single impurities. We compare Green functions with the linearized Boltzmann transport equation (LBTE) in the first Born approximation, where the impurity is treated as a perturbation.
The paper is organized as follows: We first review the methodology in section II, then evidence the main trends and conclusions in the particular case of a 2 nm thick HfO 2 gate oxide in section III. We last discuss other gate oxides and thicknesses in section IV, and summarize our conclusions in section V.
II. METHODOLOGY
We consider cylindrical hydrogen-passivated SiNWs oriented along the [110] direction. The impurity potential can also be screened by the free electrons. To account for that mechanism, we first compute the self-consistent conduction band wave functions of the homogeneous nanowire at the target carrier density n. We then calculate the density-density response function of the conduction band electrons with these wave functions, and solve
Poisson's equation for the screened impurity potential in the linear-response approximation. This is equivalent to the so-called Random Phase Approximation (RPA) for the free carriers. 37 We finally compute the impurity resistance with the Green functions approach and LBTE.
In the non-perturbative Landauer-Büttiker approach, 38 the SiNWs are coupled to ideal semi-infinite leads and the total transmission probability T (ε) is computed as a function of the electron energy ε from the Green function, which is evaluated with a standard decimation technique 16, 39 or a newly implemented "knitting" algorithm 40 (for diameters d ≥ 5 nm). We consider sufficiently diluted systems and/or a generic source of incoherence (e.g., phonons) so that interference effects induced by multiple scattering events involving more than one impurity can be neglected. The resistance of a single impurity
is the conductance of the nanowire with (without) impurity at temperature T and chemical potential µ. Both G i and G b are given by the finite temperature Landauer-Büttiker formula:
where G 0 = 2e 2 /h = (12.9 kΩ) −1 is the quantum of conductance (assuming spin degeneracy) and f (ε, µ, T ) is the Fermi-Dirac distribution function. We will see in the following that the resistance of an impurity strongly depends on its radial position in the nanowire. We therefore define a mean resistance R imp averaged over a set of at least 16 impurity positions, from which we deduce the conductivity
and the mobility µ = σ/(ne) (where n is the free carrier density, and n i the impurity concentration).
We also compute the mobility of the SiNWs within the LBTE in the first Born approximation, treating the impurity potential as a perturbation. This approach has been widely used to calculate the carrier mobility in various materials (see for example Ref. 28 for bulk Si). The relaxation time τ i (k) of an electron with wavevector k in subband i and energy ε i (k) fulfills the following set of equations:
where L is the length of the wire, v i (k) = (∂ε i (k)/∂k)/h is the group velocity, j spans all subbands, and
is a square matrix element of the impurity potential V . These matrix elements are computed with the unperturbed TB wave functions
The resistance of the impurity is then given by:
The average impurity resistance R imp and mobility are finally defined as in the LandauerBüttiker approach.
III. CASE STUDY: 2 NM THICK HFO 2 GATE OXIDE
In this section, we evidence the main trends and conclusions on gate-all-around SiNWs with a 2 nm thick HfO 2 gate oxide. We first discuss the main features of the transmission, then the size dependence of the electron mobility, some variability issues and the screening by free carriers.
A. Transmission Figure 1 shows the total Landauer-Büttiker transmission T (ε) as a function of energy, calculated for phosphorous (P) and boron (B) impurities in a 4 nm diameter SiNW. The carrier density is assumed to be low enough (n < ∼ 10 18 cm −3 , see later discussion) so that screening by free electrons can be neglected. In the absence of impurity T (ε) is equal to 
B. Mobility
The electron mobility calculated with the LB and LBTE approaches is plotted in Fig. 2 as a function of the SiNW diameter, for both donors and acceptors (n = n i = 10 18 cm −3 ). As expected, the Landauer-Büttiker mobility in B-doped SiNWs (inversion regime) is smaller than in P-doped SiNWs because the acceptor potential acts as a barrier for the electrons.
In contrast, the LBTE mobilities are -almost 45 -identical for P and B since the coefficients
do not depend on the sign of the impurity potential (they are ∝ |V | 2 ), a serious weakness of the first Born approximation. There is an order-of-magnitude difference between the two approaches for acceptors, and at best an order-of-magnitude agreement for donors.
The error made by the LBTE is larger for acceptors because the electrons can hardly go around the barrier raised by the impurity in a nanowire, a very unfavorable situation for a perturbative approach. Although neither bound nor quasibound states can be addressed by perturbation theory, thermal broadening often helps for donors. Overall, the LBTE in the first Born approximation does not appear to be reliable enough for the prediction of impurity-limited mobilities in SiNWs, even when the potential is shorter ranged than in bulk as in gate-all-around devices.
For the HfO 2 gate oxide, the Landauer-Büttiker mobility mostly increases with decreasing wire diameter at given carrier density n and impurity concentration n i . This trend might appear counter-intuitive, as confinement is expected to strengthen the interaction of the carriers with the impurities. It can be explained by a combination of three factors: First, the impurities are more efficiently screened by the gate and gate oxide in small SiNWs.
This is especially sensitive for acceptors, because screening reduces the height and width of the barrier the electrons have to go through. Second, confinement increases the separation between conduction subbands, which reduces the number of channels available for intersubband scattering (see the inset of Fig. 1b) . Third, confinement also lifts the sixfold valley degeneracy of bulk Si, and splits the ground-state, twofold 46 degenerate ∆ 2 valleys at k = 0 from the higher-lying, fourfold 46 degenerate ∆ 4 valleys at k = 0. 36 The ∆ 4 valleys therefore progressively empty with decreasing diameter, in favor of the ∆ 2 valleys. This enhances the mobility because the ∆ 2 valleys feature a lower transport mass than the ∆ 4 valleys. 17 In this respect, we would like to point out that inter-valley scattering does not significantly limit the mobility, because the range of the impurity potential, although screened by the gate and conduction band electrons, is still much larger than the unit cell (large wave vectors -and thus very short-range potentials -are indeed required to transfer an electron between the ∆ 2 and ∆ 4 valleys). The small fluctuations of the mobility around the main trend visible in The mobility in B-doped SiNWs tends to level slightly below 400 cm 2 .V −1 .s −1 in the largest nanowires investigated in this study, while the mobility in P-doped SiNWs still shows a significant slope but bends upwards. The experimental room-temperature mobility in bulk, P-and As-doped silicon is µ ≃ 280 cm 2 .V −1 .s −1 at n i = 10 18 cm −3 , and µ → 1400 cm 2 .V −1 .s −1 at low carrier density (phonon-limited mobility). 47 Assuming that Matthiessen's rule holds and that the phonon-limited mobility is weakly dependent on the carrier density, the impurity-limited mobility in bulk n-type Si would therefore be µ imp ≃ 350 cm 2 .V −1 .s −1 at n ≃ n i = 10 18 cm −3 . More refined treatments 29,48 suggest a larger µ imp ≃ 650 cm
The mobility of minority electrons in p-type Si is, of course, much less known but appears to be in the same range. 49 These data imply that (i) the impurity-limited mobility can be larger in thin gate-all-around devices than in bulk silicon, and (ii) that the impuritylimited mobility in B-doped SiNWs embedded in HfO 2 might exhibit a shallow minimum in the d > 10 nm range. We will further discuss these issues for different gate oxides and thicknesses in section IV.
C. Variability
The resistance of single impurities in a 4 nm diameter SiNW is plotted as a function of their radial coordinate in Fig. 3 , in both the LB and LBTE approaches (n = 10 18 cm −3 ).
As expected from 
D. Screening by free carriers
In practice, the carrier density n can be modulated by the gate voltage. The LandauerBüttiker mobility in a 4 nm diameter SiNW is plotted as a function of n in Fig. 4 , for both donors and acceptors with a concentration n i = 10 18 cm −3 . The "bare" data does not take screening by the free electrons into account, while the "screened" data does. The trends evidenced in Fig. 4 are typical of the investigated diameter range.
At room temperature, the bare mobility is essentially constant in the whole n < 10 cm −3 range, which shows that mobility is a relevant concept in long channels down to the smallest SiNWs. The bare and screened mobilities almost coincide at low carrier densities n < ∼ 10 18 cm −3 where the impurities are mainly screened by the gate and gate oxide only.
As the electron density is further increased, the free carriers effectively reduce the range 
IV. ROLE OF THE GATE OXIDE
In this section, we discuss the mobility in P-and B-doped SiNWs with different gate oxides and thicknesses.
The room-temperature mobility in P-and B-doped SiNWs is plotted as a function of the nanowire diameter in Fig. 5 , for a 2 nm and a 5 nm thick HfO 2 gate oxide, as well as for a 2 nm thick SiO 2 gate oxide. The impurity concentration is n i = 10 18 cm −3 ; The carrier density is n = 10 18 cm −3 or n = 10 19 cm −3 . The impurity potentials are more shallow in HfO 2 than in SiO 2 (due to the larger dielectric constant), but get even shorter-ranged when the thickness of the oxide decreases (the range of the potential is, indeed, roughly proportional to the gate radius at low carrier densities).
The mobility in SiNWs embedded in HfO 2 is weakly dependent on the oxide thickness.
Indeed, a few nanometers of such a high-κ material are enough to screen the impurities almost completely, so that the effect of the gate becomes insignificant. Still, as expected, the mobility in B-doped SiNWs increases when decreasing the oxide thickness. However, the mobility in P-doped SiNWs slightly decreases with decreasing t ox , again showing that a better screening does not necessarily come with an enhancement of the mobility in P-doped quantum-confined nanowires.
This is further evidenced by the SiO 2 data. Again, the mobility in P-doped SiNWs increases (with respect to HfO 2 ) despite the lower dielectric constant. The potential landscape around the impurity is indeed very different in SiO 2 and HfO 2 (see later discussion for B to the axis of the nanowire. The carrier density is n = 10 18 cm −3 . The electron energy ε is measured with respect to the band edge ε c , which is different in SiO 2 and HfO 2 due to image charge self-energy 36 and self-consistency effects.
impurities), which leads to different background transmission profiles and Fano resonances. This is illustrated in Fig. 6 for a 4 nm diameter SiNW: while the transmission is small around the conduction band edge in HfO 2 , it is finite in SiO 2 , and shows more and stronger resonances in the first subbband. Still, the difference between SiO 2 -and HfO 2 -coated Pdoped SiNWs decreases with increasing nanowire diameter as quantum confinement gets weaker and the transport becomes multi-band.
The mobility in B-doped SiNWs embedded in SiO 2 is strongly hindered at low carrier densities. At variance with all previous cases, it increases with increasing nanowire diameter.
The mobility in these nanowires is actually limited by the lateral extension of the barrier raised by the acceptor. This is illustrated in Fig. 7 , which represents the potential of a B impurity in the cross section of a 4 nm diameter nanowire. In HfO 2 , the impurity potential is almost zero already at the surface of the nanowire, allowing for significant transmission even at low carrier energy. In SiO 2 , the potential is still sizeable at the surface of the nanowire, effectively preventing the flow of carriers throughout the whole cross section over ≃ 50 meV above the conduction band edge, and quenching the mobility. As the nanowire diameter increases, the height of this residual barrier decreases (because there is more space around the impurity for the potential to decay), and the mobility increases. Also, this barrier can be significantly lowered by the free carriers, as evidenced by the n = 10 19 cm −3 data in Fig.   5 . Although this might increase the I on /I off ratio of B-doped channels embedded in SiO 2 , we conclude from these results that the introduction of high-κ oxides is mandatory in ultimate nanowire devices to prevent strong impurity scattering.
V. CONCLUSIONS
In conclusion, the effects of charged (P and B) impurities on the electron transport (2) At low carrier density, the mobility is much larger in P-doped nanowires in accumulation than in B-doped nanowires in inversion.
(3) The resistance of single impurities (especially acceptors) strongly depends on their radial position in the nanowire, which may represent an important source of variability in ultimate transistors based on SiNWs.
(4) The mobility in P-doped quantum confined SiNWs does not necessarily increase when the impurities are better screened. In particular, the mobility is weakly dependent on the carrier density in P-doped SiNWs embedded in HfO 2 , while it rapidly increases with carrier density in B-doped SiNWs. As a consequence, the mobility can be larger in B-than in P-doped SiNWs at high carrier density.
(5) In SiNWs embedded in HfO 2 , the impurity-limited mobility increases with decreasing wire diameter, and can be larger in the smallest nanowires than in bulk Si. On the opposite, acceptors might severely quench the mobility in B-doped SiNWs embedded in SiO 2 . The use of high-κ gate oxides is therefore mandatory in ultimate SiNW devices to prevent strong impurity scattering.
(6) The error made by the perturbative LBTE with respect to the Landauer-Büttiker approach is usually very large in quantum-confined nanowires.
